Chronic kidney disease (CKD) differentially affects the pharmacokinetics (PK) of nonrenally cleared drugs via certain pathways (e.g., cytochrome P450 (CYP)2D6); however, the effect on CYP2C8-mediated clearance is not well understood because of overlapping substrate specificity with hepatic organic anion-transporting polypeptides (OATPs). This study used physiologically based pharmacokinetic (PBPK) modeling to delineate potential changes in CYP2C8 or OATP1B activity in patients with CKD. Drugs analyzed are predominantly substrates of CYP2C8 (rosiglitazone and pioglitazone), OATP1B (pitavastatin), or both (repaglinide). Following initial model verification, pharmacokinetics (PK) of these drugs were simulated in patients with severe CKD considering changes in glomerular filtration rate (GFR), plasma protein binding, and activity of either CYP2C8 and/or OATP1B in a stepwise manner. The PBPK analysis suggests that OATP1B activity could be decreased up to 60% in severe CKD, whereas changes to CYP2C8 are negligible. This improved understanding of CKD effect on clearance pathways could be important to inform the optimal use of nonrenally eliminated drugs in patients with CKD.
in order to guide optimization of therapeutic regimens in these highly vulnerable patients.
Impaired kidney function not only alters the rate of drug elimination from the kidneys, but it may also influence drug disposition by modifying the function of enzymes and transporters in extrarenal organs, such as the liver. [3] [4] [5] Regulatory agencies recommend conducting clinical renal impairment studies for nonrenally eliminated drugs in patients with the "worst-case scenario" kidney function category to determine the need for possible dosing adjustment in patients with CKD. 6, 7 However, there are no generalizable welldefined guidances pertaining to dedicated CKD study designs. This may be due to inconsistent pharmacokinetic (PK) alterations observed in patients with CKD for nonrenally cleared drugs, which is likely also why dose adjustment of nonrenally cleared drugs is still not a common practice for patients with CKD.
The main challenge associated with assessing the PK of nonrenally eliminated drugs is a poor understanding of the complex overlapping substrate specificity of most drugs, and the mechanisms by which and to what extent the activities of related metabolic enzymes and transporters may be changed in patients with impaired kidney function. Uremic toxins usually accumulate in plasma of patients with kidney diseases. These circulating toxins and associated pathophysiological changes have been reported to alter hepatic clearance of pharmaceuticals by modifying activities of metabolizing enzymes, such as cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT) enzymes, and the function of active uptake/efflux membrane transporters. 4, 8 It is also reported that drug absorption and plasma protein binding are altered in patients with CKD. 5, [8] [9] [10] The uremic toxin-mediated impact on enzymes/transporters is supported by experimental endstage renal disease (ESRD) animal models. 3 Although not all transporterrelated observations in animals can be translated to humans, 11 limited direct evidence in humans also support this hypothesis. 5, [8] [9] [10] Our recent studies have shown that CKD differentially affects the PK of certain nonrenally cleared drugs. 12, 13 Briefly, CYP2D6-mediated and hepatic organic anion-transporting polypeptides (OATP)1B-mediated drug clearance generally decreases as kidney function declines (up to 79%), whereas CKD has minimal or variable effect on CYP1A2-, CYP2C9-, CYP2C19-, or CYP3A4-mediated clearance. 12, 13 For CYP2C8-mediated clearance, a similar decreasing trend was observed as kidney function declines, but the interpretation of such trends is challenging due to the overlap observed between some CYP2C8 and OATP1B substrates. 13 Quantifying the individual contribution of hepatic transporters and metabolic enzymes is critical to improve our understanding of the effect of CKD on the PK of drugs cleared by these nonrenal pathways and, ultimately, to guide dosing adjustments in patients with CKD.
Physiologically based pharmacokinetic (PBPK) modeling and simulations are useful for predicting both systemic and tissue concentration-time profiles. [14] [15] [16] [17] Organ dysfunctions, including impaired kidney function, can be accounted for by modifying physiological (system) parameters of the PBPK models. 5, [18] [19] [20] [21] The effect of impaired kidney function on the PK of nonrenally cleared drugs may then be predicted using PBPK models by taking into account known alterations in the function of related enzymes and transporters in patients with CKD. 5, 18 Thus, PBPK modeling and simulations provide a practical tool to better understand the underlying mechanism by which system parameters may be affected and to what degree the change may be observed in patients with impaired kidney function.
In the current study, we used PBPK modeling and simulations to evaluate potential changes in the activity of hepatic CYP2C8 and OATP1B (OATP1B1 and OATP1B3) in patients with impaired kidney function. Four drugs that are predominantly metabolized by CYP2C8 and/or transported by OATPs (largely by OATP1B1 and OATP1B3) and with clinical data in patients with CKD, namely rosiglitazone (CYP2C8 substrate), pioglitazone (CYP2C8 substrate), pitavastatin (OATP1B substrate), and repaglinide (CYP2C8/OATP1B dual substrate), were selected for the analysis.
RESULTS

PBPK models in healthy populations
The model-simulated plasma concentration-time profiles of four substrate drugs, rosiglitazone, pioglitazone, pitavastatin, and repaglinide, were compared with the corresponding clinically observed data in healthy populations ( Figure 1 , Supplementary Reading List S1). The exposure changes caused by CYP2C8 and OATP1B inhibitors, gemfibrozil, and its major metabolite, gemfibrozil 1-O-β-glucuronide, on four victim (substrate) drugs, and the OATPs inhibitor, cyclosporine, on pitavastatin and repaglinide were simulated. The effects of SLCO1B1 polymorphism on systemic exposure of OATP1B substrates pitavastatin and repaglinide were also simulated ( Table 1) . The corresponding predicted area under the concentration-time curve ratio (AUCR) s (with/without inhibitor or poor transporters (PTs)/extensive transporters (ETs) are summarized in Table 1 . R values (i.e., the ratio of simulated AUCRs and observed AUCRs) under these several conditions are within 0.62-1.20, indicating that the substrate models well recovered the clinical data.
Prediction of the CKD effect on the PK of nonrenally eliminated drugs
The exposure change in patients with severe CKD was simulated using the Simcyp V16 default severe renal impairment populations "Sim-RenalGFR_less30," in which changes in relevant physiological parameters (e.g., hematocrit, albumin, and gastric emptying) were implemented compared to the healthy volunteer (HV) population (see Methods for details). The AUCRs based on simulated area under the concentration-time curves (AUCs) in CKD vs. healthy populations are summarized in Table 2 . Overall, the exposure changes in patients with severe CKD were overpredicted for CYP2C8 substrates, rosiglitazone and pioglitazone, whereas underprediction was apparent for OATP1B substrates, pitavastatin and repaglinide, for both unbound and total AUCR when using the V16 default "Sim-RenalGFR_less30" population ( Table 2) .
The AUCRs of rosiglitazone and pioglitazone (CYP2C8 substrates) were approximately twofold overpredicted when using the V16 default "Sim-RenalGFR_less30" populations ( Table 2) . In contrast, the simulated AUCRs for rosiglitazone and pioglitazone were improved and more comparable to the observed values when the modified "Sim-RenalGFR_less30" population was used in the simulations ( Table 2) . For the latter, CYP2C8 enzyme abundance was assumed to be similar to the HV population (see Methods).
In the initial analysis, AUCRs were underpredicted for OATP1B substrate pitavastatin when using the V16 default "SimRenalGFR_less30" populations (which assumes no decrease in OATP1B function compared to healthy populations). Further analysis implied that OATP1B abundance needs to be reduced by 40% to better recover the observed exposure changes (when using the modified "Sim-RenalGFR_less30"; see Methods; Table 2 ).
The simulated AUCRs for repaglinide were ~50% of the observed values when using the V16 default "Sim-RenalGFR_ less30" population, in which CYP2C8 enzyme abundance was reduced to 47% of the value in the healthy population (expression data listed in Table S1 ). The AUCRs were well recovered when OATP1B abundance was decreased to about 50% of the abundance in healthy subjects in the "Sim-RenalGFR_less30" population ( Table 2) . With the modified "Sim-RenalGFR_less30" population (in which the CYP2C8 enzyme abundance was set to the same value as in the healthy population; see Methods), a decrease in OATP1B abundance to around 40% of the abundance in the HV population was needed to match the observed AUCRs ( Table 2) .
The repaglinide plasma unbound fraction (f u ) is associated with uncertainty and varies from 0.74% 22 to 3.6% 13 for HVs. Therefore, a sensitivity analysis of the impact of f u on the predicted repaglinide AUCR was performed. Figure 2 shows that simulated AUCRs were not sensitive to changes in plasma f u within values between 0.37% and 7.2%. Previous studies showed that repaglinide AUC is sensitive to the hepatic passive diffusion clearance (CL pd ) used in the model, in particular when a "topdown" approach is applied and an optimization of the active uptake clearance is performed using clinical data. 18, 23 Therefore, a sensitivity analysis of CL pd (values ranged between 1 and 40 μL/ minute/10 6 cells) was performed to assess the impact of this parameter on the estimated percentage reduction of OATP1B abundance in patients with severe CKD necessary to recover the AUCR between severe CKD and healthy populations. The simulated AUCRs were not significantly affected over the range of passive diffusion clearance values reported in the literature for repaglinide ( Figure S1 ).
DISCUSSION
Recent studies have shown that CKD differentially affects the PK of certain nonrenally cleared drugs. 12, 13 Understanding the potential effect of CKD on the activity of CYP2C8 and OATP1B transporters is challenging due to overlapping substrate specificities. To this end, PBPK modeling and simulations were used to evaluate the effect of CKD on the exposure of several drugs cleared nonrenally either by CYP2C8 and/or OATP1B. System-dependent parameters, such as CYP2C8 and OATP1B abundance in patients with severe CKD, were examined to recover the observed exposure data in an effort to assess possible physiological changes and, thus, to understand the underlying mechanism of exposure changes of nonrenally eliminated drugs in patients with impaired kidney function. Drug-drug interaction (DDI) and pharmacogenomic (PGx) studies indicated that both rosiglitazone and pioglitazone are CYP2C8 substrates. [24] [25] [26] The PBPK simulations with reduced CYP2C8 abundance (to 47%) overestimated the AUCRs using the V16 default "Sim-RenalGFR_less30" population. Interestingly, the observed exposure change was recovered well by using a modified severe renal impairment population with hepatic CYP2C8 abundance similar to the healthy populations (i.e., no reduction in CYP2C8 function), suggesting no significant decrease of CYP2C8 function in severe renal impairment patients. Our previous metaanalysis approach showed a decreasing trend of drug clearance as CKD severity increases for CYP2C8 substrate drugs; however, the data were inconclusive due to the overlapping substrate specificity with OATP1B. 13 The present PBPK analysis suggests a negligible change in CYP2C8 function/activity in patients with severe CKD.
Pitavastatin is actively transported into the liver by the hepatic uptake transporter OATP1B, and is suggested to be a clinical probe substrate to investigate OATP1B activity. [27] [28] [29] [30] Therefore, change in pitavastatin PK can be primarily linked to altered OATP1B activity. The PBPK simulations in this study suggested that OATP1B activity in patients with severe CKD was decreased to about 60% of HV values. 28 This decreased OATP1B function needed to reproduce pitavastatin AUCRs for patients with severe CKD is consistent with our previous meta-analysis and trends of decreased OATP1B transport activity with increased severity of CKD. 13 The CYP2C8 and OATP1B dual substrate repaglinide involves transporter-enzyme interplay in its hepatic clearance. [31] [32] [33] [34] A significant decrease in repaglinide clearance was observed in patients with severe CKD. 35 The PBPK simulations with the V16 default "Sim-RenalGFR_less30" population (with a 47% of CYP2C8 abundance of HVs) suggested that about 50% decrease in OATP1B activity was needed to match the observed AUCRs for repaglinide. In contrast, a decrease to about 40% of OATP1B activity was needed to recover the observed AUCRs when the modified severe CKD population was used. In the latter case, the CYP2C8 abundance was set to the value in healthy populations based on the analysis of CYP2C8 substrates rosiglitazone and pioglitazone (different to the Simcyp default population "Sim-RenalGFR_less30" with a 47% of CYP2C8 abundance reported in HVs).
Overall, PBPK modeling and simulations of these four drugs in severe CKD populations suggested a minimal decrease in CYP2C8 activity, and about a 40-60% decrease in OATP1B activity. This "middle-out" simulation analysis provides an insight with respect to the contribution of changes in CYP2C8 vs. OATP1B to the decreased clearance of repaglinide observed in patients with severe CKD. We observed a slight difference in terms of the level of decrease in OATP1B function for pitavastatin and repaglinide, which could be due to clinical study variability. One factor to consider was the plasma protein binding because some uncertainties existed in measured f u of repaglinide (the measured f u value reported in patients with CKD was the same as in the HV population). Changes in plasma protein binding with impaired renal function may have an effect on the predicted exposure changes in patients with CKD and estimated extent of decrease in transporter function. In general, the f u for most drugs we investigated was increased as kidney function declined and this trend seemed to be more profound for drugs with a relatively low f u . 13 A sensitivity analysis on f u of repaglinide did not show a significant increase of AUCR to account for the difference between repaglinide and pitavastatin in the estimated decrease in the OATP1B abundance required to recover the observed exposure changes in patients with CKD ( Figure 2) .
It is worth mentioning that a small amount of pitavastatin is renally excreted as unchanged drug, 13, 28 which was accounted for in the pitavastatin PBPK model in which the CKD population with decreased glomerular filtration rate (GFR) was matched to the clinical study design. In contrast, CYP2C8/OATP1B dual substrate repaglinide did not have the effect of GFR change in the PBPK model, as repaglinide is extensively cleared through the liver 35 (see References in the Table and superscripts a-c are listed in Table S2 . AUC, area under the concentration-time curve; AUCR, ratio of AUC; R value, ratio of the simulated AUCR and observed AUCR.
a
The simulated ratio of SLCO1B1 c. 521 CC and SLCO1B1 c. 521 TT was compared to the observed ratio of "SLCO1B1 *15/*15 and ABCG2 421C/C 421C/A" (mixed with BCRP polymorphism) and "SLCO1B1 *1b/*1b and ABCG2 421C/C" because no purely genotyped "SLCO1B1 *15/*15 and ABCG2 421C/C" data were reported. The physiologically based pharmacokinetic models with gemfibrozil-glucuronide K Ioatp1b of 7.9 μM underestimated the complex repaglinide-gemfibrozil drug-drug interactions, as also observed in literature. The simulated AUCRs were 3.79 and 5.15 if K Ioatp1b of 7.9 μM was reduced to the values of 4 μM and 1.48 μM, respectively.
Methods), and only 0.1% of the parent compound is eliminated renally. 13 Although OATP1B-mediated hepatic uptake is thought to be the rate-determining step in the clearance of pitavastatin; other transporters/enzymes may also influence the estimated effect on OATP1B activity. Pitavastatin is a substrate of the efflux transporters ABCB1 (multidrug resistance protein 1 (MDR1) or P-glycoprotein), ABCG2 (BCRP), ABCC3 (MRP3), and ABCC2 (MRP2) and the hepatic uptake transporters SLCO2B1 (OATP2B1) and SLC10A1 (NTCP). [36] [37] [38] Uremic toxins in patients with CKD may change the activities of these efflux and uptake transporters in the disposition of pitavastatin, which was not considered in the current modeling approach due to lack of reliable transporter expression data from tissues of patients with renal disease. However, pitavastatin uptake via OATP1B1 is the rate-determining step for its clearance and, as such, its systemic PK is more dependent on this process. Therefore, the effect on OATP1B is expected to be the major factor contributing to the changes observed in pitavastatin PK in CKD. Further understanding of changes in these system parameters in CKD will refine the prediction of hepatic clearance and implications on dosage regimen in these patients.
Last, metabolism of pitavastatin and repaglinide is handled by different enzymes, which may also contribute to the differences in the degree of exposure changes among them. Repaglinide was shown to be predominantly metabolized by phase I enzymes CYP2C8 and CYP3A4, [31] [32] [33] [34] with a minor contribution of UDP-glucuronosyltransferase (UGT)1A1/1A3 glucuronidation determined from an in vitro study. 39 Pitavastatin is minimally metabolized, and its metabolism occurs via glucuronidation by hepatic UGT1A3 and UGT2B7. 8, 28, 40 Our previous studies showed that the CKD effect may be pathway dependent and the effect of CKD on CYP3A4 is variable. 12, 13 At this stage, we have not incorporated any potential effect of CKD on different UGT enzymes in our simulations due to the lack of knowledge of any potential changes in UGT activity in patients with CKD. However, CKD effect on UGT is likely based on in vitro studies that reported inhibitory effect of uremic toxins on UGT activity. 8 Further investigation of the Simcyp default and modified "Sim-RenalGFR_less30" severe renal impairment populations were used in the simulations with dosing regimen, GFR, average age, and gender matched to the corresponding clinical CKD studies. Simcyp: V16 default "Sim-RenalGFR_less30" population where the CYP2C8 abundance was reduced to 47% of the HVs. Modified: the CYP2C8 abundance was set back to 100% of HVs in the V16 default "Sim-RenalGFR_less30" population. The OATP1B abundance was adjusted in the simulations when needed as indicated in parenthesis. AUCR, area under the concentration-time curves ratio; CKD, chronic kidney disease; CYP, cytochrome P450; f u , unbound fraction; HV, healthy volunteer; OATP, organic anion-transporting polypeptide. a Observed f u and AUCR values were from the dedicated clinical CKD studies: rosiglitazone, 51 pitavastatin 28 and repaglinide. 35 b CYP2C8 abundance as in HV. c Pioglitazone f u for patients with CKD were not reported in the clinical study, 52 thus predicted f u was used in the simulations. Prediction of f u was based on changes in albumin content reported in severe CKD, assuming that albumin was the main plasma protein involved in binding of this drug, as detailed in ref. 13 The "observed" unbound AUCR of 0.92 was calculated based on the estimated fu and the corresponding R values were estimated, shown as italic numbers. d OATP1B function was optimized to reproduce the observed AUCR for pitavastatin and repaglinide.
effect of CKD on the UGT abundance or function may be helpful to refine the PBPK predictions. In this study, kidney function, average age, and gender ratio were matched to the corresponding clinical CKD study designs for the simulations of CKD effects on the exposure changes in patients with impaired kidney function, which may be helpful to refine physiological components of PBPK models for confident predictions of drug PK in patients with CKD. This is important because differences in demographics may result in different PK profile predictions, even though the same extrinsic and intrinsic factors are used in the modeling and simulations. Matching to clinical demographics in simulations allows proper comparisons between the simulated and observed PK in renal impairment studies, which is one of the advantages of utilizing PBPK modeling and simulations because the drug parameters, system parameters, and trial designs are separated in the PBPK modeling. 14 The aim of this study was to understand consequences of possible physiological changes in CYP2C8 and OATP1B transporter activity related to impaired kidney function by simulating the observed exposure change in patients with CKD using PBPK modeling. Unfortunately, reliable quantitative data on the decrease in OATP1B expression or uptake linked to the degree of the renal impairment are not available and, therefore, have not yet been incorporated into the Simcyp Simulator. Therefore, potential physiological changes in patients with CKD were incorporated in the models by adjusting system-dependent parameters (i.e., CYP2C8 or OATP1B expression/function) in the severe renal impairment population relative to the HV population using clinical data for respective drug probes. The predicted trends of exposure changes for the CYP2C8 substrate drugs rosiglitazone and pioglitazone, the OATP1B substrate drug pitavastatin, and the dual CY2C8/OATP1B substrate repaglinide were consistent with our previous meta-analysis of a large drug subset. 13 The analysis showed quantitative discrepancy in the extent of decreased OATP1B abundance needed to recover the observed AUCRs between pitavastatin and repaglinide. This discrepancy may be associated with the modeling approach that focused primarily on the activity of these major proteins and ignored other potential minor pathways that may gain more relevance in patients with CKD. Better understanding of these fundamental systemrelated parameters will further improve the quantitative PBPK prediction. In addition, parameter estimation in patients with CKD was limited due to lack of rich clinical data in this population, which may introduce some bias in cases of complex interplay of active transport and metabolism contributing to hepatic elimination.
In summary, PBPK modeling and simulations provide a useful approach to investigate the activities of enzymes and transporters involved in drug clearance in renally impaired patients. Negligible changes in CYP2C8 enzyme function were required to match the observed AUC changes in severe CKD subjects for CYP2C8 substrates rosiglitazone and pioglitazone. In contrast, decreases in OATP1B activity of up to 60% were needed to recover the change in AUC observed in severe CKD subjects. These findings on the effect of CKD on OATP1B activity may be useful in optimizing dose regimen selection for nonrenally cleared drugs in patients with impaired kidney function.
METHODS PBPK modeling and simulations were performed using a populationbased PBPK platform, the Simcyp Simulator (V16R1; Certara UK, Sheffield, UK). Unless otherwise noted, each simulation was performed in 100 subjects (10 trials with 10 subjects for each trial) using the simulator's default virtual population libraries. The PBPK models in populations of HVs were first adopted and verified when needed, and then applied to patients with severe CKD to simulate the CKD effect on drug exposure changes. The severe CKD group was investigated in this study rather than the ESRD group. Consistent with the healthcare standard, 41 most ESRD groups were either on regular dialysis during the clinical study period or off dialysis but were on regular dialysis before the CKD study period. 12, 13 Because uremic toxins are continuously removed during dialysis and a certain portion of the drug may also be cleared during dialysis, the ESRD groups may not represent the "worst case" scenario compared to nondialyzed CKD groups. 7, 41 The overall workflow of PBPK modeling and simulations is presented in Figure 3 .
PBPK modeling and model verification in healthy populations
The base PBPK models for the four substrate drugs (rosiglitazone, pioglitazone, pitavastatin, and repaglinide) were adopted from previous reports. [42] [43] [44] Published models used earlier versions of the Simcyp Simulator platform and, therefore, additional verification was carried out. Final model parameters are summarized in Table 3 . Briefly, minimal PBPK distribution models were used for both CYP2C8 substrates rosiglitazone and pioglitazone assuming rapid-equilibrium between blood and the liver compartments. 43, 44 For the OATP1B substrate pitavastatin and the OATP1B/CYP2C8 dual substrate repaglinide, Figure 2 Sensitivity analysis on unbound fraction (f u ) for cytochrome P450 CYP2C8 and organic anion-transporting polypeptide (OATP)1B dual substrate repaglinide with OATP1B abundance decreased to 40% of the healthy populations assuming the same f u values as observed in clinical study 35 : (a) The CKD populations with the same f u as the healthy populations as observed in the corresponding clinical studies. 35 (b) The severe CKD populations with f u estimated based on the f u of HVs using the information on the changed albumin levels. 5, 13 full PBPK distribution models 45 were used due to the involvement of the transporter-mediated hepatic uptake, [42] [43] [44] [45] which assumed permeability-limited distribution into the liver and rapid equilibrium between blood and other tissues. For pitavastatin, a scaling factor of 15 was applied for hepatic active uptake to describe the observed PK profiles from a PGx study 46 ( Figure S2 ). In the case of repaglinide, a universal K p scalar of 2.42 was applied to all tissue compartments to allow a good agreement with the observed volume of distribution at steady state. This K p scalar is different from the previous report 44 due to the changes in tissue composition parameters in the liver (relative volume of wet tissue percentage for neutral lipids), muscle (tissue-to-plasma albumin ratio), and adipose (tissue-to-plasma albumin ratio) between Simcyp V13R1 and V16R1.
The base models were further verified using observed data from DDI and PGx studies. The PBPK models of the drug interaction perpetrators gemfibrozil (with its metabolite gemfibrozil 1-O-β-glucuronide) and cyclosporine were adopted from the literature. 42, 44, 47, 48 The PK profiles of the OATP1B substrates pitavastatin and repaglinide were simulated in subjects with different genotypes of SLCO1B1 using a previously published approach. 42 Briefly, it was assumed that the virtual healthy population with genotype SLCO1B1 c.521 TT was comprised of subjects who were ETs (wild type), whereas the population with genotype SLCO1B1 c.521 CC was comprised of PTs (with transporter activity assumed to be 37% of that in ETs (Simcyp V16R1)).
The AUCR (with/without inhibitors in the case of DDI or between PT and ET for PGx simulations of healthy populations) was calculated. Similarly, AUCR RI/HV (patients with severe renal impairment vs. HVs) was calculated for CKD simulations. The performance of PBPK model prediction was evaluated by the ratio of simulated AUCR (AUCR s ) and observed AUCR (AUCR o ), an R value (R = AUCR s /AUCR o ). Although there is no consensus regarding the acceptance criteria, an R value within twofold range (between 0.5 and 2.0) has been frequently used to assess a PBPK model performance. 49, 50 PBPK modeling in severe CKD populations The dosing regimen, average age, gender, and GFR values were matched to the corresponding clinical trial study designs, 28, 35, 51, 52 as summarized in Table 4 for both healthy and CKD populations. The reported measured f u values in the corresponding CKD studies 28, 35, 51 were used, with the exception of pioglitazone in which f u = 0.035 was predicted (details in ref. 13 ) due to unavailability of such data in patients with CKD 52 ( Table 2 ). The details of related clinical studies have been summarized in a previous study 13 and Figure 3 Workflow of physiologically based pharmacokinetic (PBPK) modeling and simulations. The adopted base PBPK models were verified using clinical drug-drug interaction (DDI) and pharmacogenetic (PGx) studies in a healthy volunteer (HV) population. The verified models were applied to Simcyp Simulator V16 default and modified severe chronic kidney disease (CKD) populations for: (i) cytochrome P450 (CYP)2C8 substrates rosiglitazone and pioglitazone; (ii) organic anion-transporting polypeptide (OATP)1B substrate pitavastatin; and (iii) CYP2C8/OATP1B dual substrate repaglinide. The CYP2C8 and OATP1B activities were optimized to recover clinical observations. the references within. For each simulation, adjustment of the average serum creatinine concentration of related virtual populations was made to obtain a targeted GFR (creatinine clearance) for a specific study. For repaglinide, the Simcyp Simulator default GFR for the healthy population and the average GFR for severe CKD were used because information on GFR was not available from the clinical CKD study 35 ( Table 4) . The simulations were first performed with two CYP2C8 substrates (rosiglitazone and pioglitazone) and the OATP1B substrate pitavastatin to investigate the effects of severe CKD on the individual pathways ( Figure 3) . Subsequent simulations were conducted for the OATP1B/CYP2C8 dual substrate, repaglinide ( Figure 3) .
The observed AUC increase was up to 2.7-fold as kidney function decreased in patients with CKD for the drugs investigated in this study. For the purpose of our analysis, an R value of the range 0.8 and 1.2 (model predicted vs. observed) was considered to be satisfactory for predicting the effect of CKD on drug exposure by the PBPK modeling. "Bottom-up" modeling and simulations in severe CKD populations Once the substrate drug models were verified in the healthy populations, the AUCR in the CKD population was predicted initially using the simulator default severe renal impairment population with GFR of < 30 mL/minute/1.73 m 2 (labeled as "Sim-RenalGFR_less30") and was compared to the exposure in Simcyp HV populations ("Sim-Healthy Volunteers"). Several changes in physiological parameters were already implemented in the V16 default ("Sim-RenalGFR_less30") CKD population. For example, enzyme abundances of CYP2C8, CYP2C9, CYP2C19, and CYP3A4 were reduced to 47%, 47%, 43%, and 64%, respectively, of the corresponding healthy subjects (Simcyp Simulator, V16R1), in addition to changes of other system parameters, such as human serum albumin, hematocrit, and gastric emptying time (Table S1 ). It is worth mentioning that, due to the lack of published data, OATP1B transporter abundance implemented in the V16 default "Sim-RenalGFR_less30" population is the same as in the HV population (Simcyp Simulator, V16R1; Table S1 ).
"Middle-out" modeling and simulations with modified CKD populations In addition to the V16 default severe CKD population, several modified severe CKD populations were created using the default "Sim-RenalGFR_ less30" as the template. The first change was to set the hepatic CYP2C8 enzyme abundance to the value of virtual healthy population, named as "Modified," because Simcyp default severe population "Sim-RenalGFR_ less30" (CYP2C8 enzyme abundance was reduced to 47% of the value in healthy populations; see Table S1 ) overpredicted the AUCR for CYP2C8 substrates (see Results). For rosiglitazone and pioglitazone, the simulations were performed assuming no changes in CYP2C8 abundance as a result of severe CKD. Analogous to this approach, the initial simulations for pitavastatin were performed assuming no changes in OATP1B abundance relative to healthy, followed by simulations in which OATP1B abundance was decreased to recover the observed change in the exposure and clearance in this patient group. Subsequently, for the CYP2C8 and OATP1B dual substrate repaglinide, the initial simulations were performed assuming no changes in the OATP1B abundance, followed by simulations with OATP1B abundance decreased to the level observed in the pitavastatin studies, and finally OATP1B function was optimized to recover the observed exposure change in repaglinide CKD study, as illustrated in the workflow shown in Figure 3 .
It is worth noting that other CYP enzymes, such as CYP2C9, CYP2C19, and CYP3A4, may be involved in the drug metabolism as minor pathways for the drugs investigated in this study. To simplify the analysis, the effect of CKD on these pathways was counted for using Simcyp Simulator default CKD settings (Table S1 ). Supplementary Reading List S1 Table S1 . Selected physiological and biochemical parameter changes for patients with severe CKD in Simcyp V16. Table S2 . References for the observed AUC changes. Figure S1 . Sensitivity analysis of passive diffusion clearance (CL pd ), on area under the concentration-time curves ratio (AUCR; total) between patients with severe chronic kidney disease (CKD) (cytochrome P450 (CYP)2C8 100% and organic anion-transporting polypeptides (OATP)1B 40%) and healthy volunteer (HV) populations for repaglinide. Figure S2 . Hepatic uptake was scaled to fit SLCO1B1 c. 521 TT data for pitavastatin. The average GFR of patients with severe CKD was used in the simulation.
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